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ABSTRACT

Considerations for determination of the partition of internal energy in ions
formed by field ionization are discussed in terms of the distribution of ion energies.
Experimental high-resolution energy spectra for the molecular ions produced by
field ionization of toluene, cycloheptatriene, phenol, hydrogen and carbon mon-
oxide are shown and discussed. In particular it is concluded that the range of
internal energies can be of the order of several electron volts. Implications of
the observations for rate predictions are discussed.

INTRODUCTION

The phenomenon of ionization of atoms or molecules by their interaction
with a high electric field near a metallic surface, i.e. field ionization, has been useful
for investigation of surfaces on a microscopic scale [1] and for use as an ion
source in the mass-spectrometric study of organic molecules [2]. These separate
applications have been investigated as nearly independent subjects so that workers
in each application have developed phenomenological viewpoints appropriate
to their task. The varying viewpoints provide simplifying assumptions which
ignore some major aspect of the field ionization process. Usually, either the
structure of the substance being ionized or the structure of the emitter surface
is de-emphasized; in both cases the basic energetics of the field ionization process
is often ignored.

A basic theory of field ionization and fragmentation rates must include each
of these three factors: molecular structure, surface structure, and energies and
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accessibility of final states. This latter factor forms the primary concern of this
paper and is important since it confributes to the consolidation of surface and
molscular viewpoints. Observation of the contributions of final molecular and
metal states is accomplished by high-resolution energy analysis of field ionization
products. The energy spectrd thus obtained along with kinetic considerations and
the condition of conservation of energy provide a spectroscopy involving the
contribution of molecular final states. Data are presented to show the field ion-
ization spectrum of H,, a dissociative system, and of CO which does not detectably
dissociate. These specira are related to the molecular energy structure. Further
data are presented for three organic molecules; toluene, cyclohepiatriene, and
phenol, and their spectra similarly interpreted. Finally, the implications of these
results are discussed, together with some possible applications to field ionization
mass spectrometry,

FIELD JONIZATION ENERGY SPECTROSCOPY

The rate of ionization by impact methods such as photocionization or elecs
tron bombardment are understood in terms of the system energetics; the net energy
of the system is conserved with rearrangement of the energy (and hence ofien the
geometry) in & manner consonant with the internal constraints of the system and
the system energy levels. One of the methods of exploring the partition of energy
among the system levels is to moniter the relative reaction rate as a function of
energy input via the bombarding particle. In particular the minimum electron or
photon energy for detectable ionization or fragmentation (i.e. the appearance
potential} is an imporiant parameter,

Field ionization takes place with no energy input {(excluding polarization
energy by the high eleciric field) to the neutral molecule; the gain in energy of
the molecular electron which tunnels into the metal is exactly offset by a decrease
in: potential energy of the ion formed. The decrease in potential energy then
becomes a-"‘deficit” in kinetic energy after aceeleration through the field. It has
been shown by considering available states in the emitter material that if 7 is the
energy NECessary 10 romove ectron-irom an atom oy molecule leaving theion
in a particular state, the maximum kinetic energy, £,, at which that ion can be
observed is E, = V—1+¢ [3]. Here Vy is the emitter potential, referenced to
the ion detector potential {usually ground), ¢ the emitter work function and E,
is called the critical energy. It is convenient to define a quantity AE known as the
energy-deficit, AE = V,~E, where £ is the ion kinetic energy at the ion detector.
The critical energy-deficit is then 4E, = /—¢. In practice ¢ is replaced by an
instrumental quantity which is independent of the emifter work function. We
have verified experimentally this linear relationship between 7 and the critical
energy-deficit, as have other workers [4]. The energy spectra of field-emitted ions
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Fig. 1. Comparisons of threshold ionization characteristics for field ionization, electron impact
ionization and photoionization. The abscissas are the appropriate energetic parameter to describe
the molecular energy balance, i.e., energy-deficit, clectron energy or photon energy in arbitrary
units. The ordinates are ion intensity in arbitrary units. (a) Idealized energy distributions of
ions from field ionization. An abrupt onset at energy I—¢ is followed by intensity decreasing
at a rate given by dynamic considerations. Transition to a single ionic state is assumed. (b)
Ideslized energy distribution of ions from field ionization as in (a) but with an additional ionic
electronic state at an energy ¢ above the ground state. {¢) The threshold law for electron impact
is approximately a linear increase in intensity with energy. The accessibility of a second state at
an energy € above the ground state would cause a break in the curve and a change in the slope.
(d} The threshold law for photoionization is approximately a step function. In the case of two
accessible states the ion intensities add to give the step structure indicated.

can be predicted to provide many of the features contained in scans of ionization
rate versus particle energy obiained from bombardment experiments. This
correspondence is illustrated in Fig. 1. which portrays schematically the presumed
role of upper states in the specira. Figure 1(a) gives the general features of a
field ionization energy distribution for ionization to an upper state. The general
form of this peak as depicted has been experimentally verified [5, 6]. A sharp
rise at onset is featured with a gradual tail at higher energy-deficits as a result of
diminished ionization probability for ions originating farther from the surface.
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If a single excited state exists at an energy ¢ above the ionic ground state and the
transition probability to both states are similar, a distribution as shown in Fig. 1(b)
would be expected: transitions to the excited state would produce a superimposed
second peak with onset at AE = {+s—¢. Depending upon the value of & and
the inherent width of the two peaks in Fig. 1(b), structure may be evident in the
energy distributions. Figures 1(c) and 1(d) demonstrate a presumed correspon-
dence of the field ionization spectra to the ion-appearance spectra obtained by
electron bombardment and photoionization respectively. The correspondence is
determined by a change in the total ionization probability as the energetics become
favorable for transitions from the ground state of the neutral molecule to the
accessible states of the ion. Because of these expected similarities between ion-
ization by bombardment and field ionization we suggest that investigation of
the energy specira of field ionization products can provide information as fo the
partition of internal energy among final ionic states.

Field ionization energy spectra have been explored with high resolution for
inorganic samples. Inghram and Gomer {7, 8] performed the first field ionization
energy analyses. They noted that the mass peaks were broadened and discovered,
among other things, that the peak-widths increased with increasing electric field.
Young and Milller [9] and Miller and Bahadur {10, 111 were the first to obldin
high-resolution energy distributions for inert gases and hydrogen. They clearly
demonstrated the existence of the predicied eritical energy-deficit and discussed
other features such as the distribution width. Jason et al. [127], using hydrogen as
the sample gas, found further detail in the spectra arising from interaction of the
gas with the surface. They also found spectra of the fragment peak, H*, which
are interpretable in terms of the dissociation kinetics. The dissociation of hydrogen
during field ionization was later studied in greater detail by Hanson et al. [13],
and Hanson [14] who carefully examined ths dissociation kinetics. The energy
spectrum of an associated reaction, the formation of H; ™, has also been published
[121. Asidefrom these investigations, most high-resolution studies of ficld ionization
energy spectra have-been done with a view toward explaining gzhenomena en-
countered in field 1omw microscopy:

in view of the above discussion we consider investigation of field ioni-
zation energy spectra important for the purpose of obtaining a fundamental
theory of field ionization mass spectra in the same way that consideration of
the. energétics of eléectron bombardment ionization contributes to the under-
standing of mass spectra produced by electron bombardment,

EXPERIMENTAL

Energy analyses were performed using 2 60° 12-in. radius-of-curvature,
magnetic analyzer. The practical energy resolution obtainable with this instrument
is ca. 1 part in 10,000. The instrument features a bakeable ultra-high-vacuum
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system, dual gas inlet, and temperature-controlled source {from 450 °C. to liquid-
helium temperatures). An eleciron bombardment ion source is included in the
instrument for use as a conventional mass spectrometer, Ions in this experiment
originated from a small area of a single tungsten tip. After passing through an
aperture which subtends an angle of ca. 5° (i.e. ions emitted within a solid angle
of ca. 4x 1077 steradian centered about the tip pass through the aperture), the
ion beam is focused on to the entrance slit of the magnetic analyzer by an electric
guadrupole doublet lens [15]. A retarding energy analyzer [6] is situated between
the quadrupole lens and the analyzer slit. It is used for absolute calibration of the
energy-deficit spectra. The magnetic analyzer focuses the beam onto a 20-stage
particle detector capable of monitoring individual events or an integrated current,
Since the ion intensities obtained using single tip emitters are low {i.e. on the
order of 10500 events s~ '), a multiscaler is used to acquire digital data. The
address of the multiscaler is proportional to a slow negative sweep voltage (of
magnitude equal to the total energy scan) applied to the emitter in addition to the
accelerating potential, ¥,. Hence this varying voltage sweeps over the ion energy
distribution and at any time equals 4F, the energy-deficit to within a determinable
additive constant. The multiscaler directly plots the ion intensity versus energy-
deficit. After many such sweeps statistically significant data concerning the differen-
tial energy distribution are obtained.

The samples used in this experiment were research grade materials and the
organic samples were vacuum distilled before introduction to the field ionization
source. Electron bombardment analysis was used to check sample purity. Back-
ground pressure in the instrument was of the order of 107 % torr or lower and
experiments were performed at room temperature. Ion energies for the organic
samples were ca. 1 KV with an applied field of ca. 10° V cm ™", At the fields used,
ionization far from the surface was not appreciable and fragmentation was
negligible. Single tip emitters were used in these studies rather than multiple
emitters because it was desired to eliminate any effects which would result from
emission from more than one emitter crystal plane. Use of a single tip emitter
also provides a definite field and lower ion energies with consequent higher resclu-
tion,

RESULTS AND DISCUSSION

The existence of an onset energy-deficit is depicted graphically in Fig. 2
in which a plot of the number of ion counts of the parent ion for a phenol sample
versus a differential voltage applied to the accelerating potential is given. The
abscissa is hence related to the energy-deficit, AE, by an additive quantity. Data
were taken by obtaining a field ionization signal and accumulating over repetitive
20-V energy-deficit sweeps at constant magnetic field to obtain the peak on the
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Fig. 2. {left) A plot of the parent ion intensity for phenol on the ordinate and energy-deficit in volts
on the abscissa. The slectron bombardment peak was biained using a conventional electron
bombardment source with an aceelerating potential of Voo The same potential was then applied
to the field jon emitter and the phenol peak appears at an energy-deficit of ca. 4.2 V.

Fig-3. (right} Field fonization energy spectrum of toluene, Ton intens ty is plotted o the ordinate in
arbitrary units. and energy-deficit in volts on the abscissa. The energy-deficit, scale has been
adjusted by the quantity ¢ so that the critical energy-deficit numerically equals the ionization
potential’in electron volts.

right. The field ionization signal was then turned off and the electron beam source
activated. Maintaining constant magnetic field and applying the same accelerating
and sweep potentials to the electron source, data were again accumulated by
sweeps over the energy-deficit. This produced the peak on the left. The measure-
ment of onset separations in this plot (ca. 4.2 V) is not strictly a measurement of
critical energy-deficit, AE,, because of small effects due to repeller and drawout
potentials (ca. 0.1 V) encountered in the electron beam source. This uncertainiy
can be overcome best by use of retarding technigques which calibrate the energy-
deficit scale to within the additive instrumental quantity g as discussed previously.

Figure 3 gives the energy distribution for toluene on an sxpanded energy
scale. The energy scale has been set so that the observed critical onset in volts
numerically equals the accepted ionization potential, 8.82 eV [16,17]. The peak
rises to its maximum value in ca. 0.6 V from onset and subsides into a long tail.
The width of the peak isca. 1 V at half-maximum, considerably broader than the
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instrumental resolution which for these cases is ca. 200 mV. The width is attributed
to a combination of: (1} “inherent” width arising from factors involving the
surface structure of the tip and tunneling probability, and (2} width due fo
the involvement of excited lonic states in the field ionization process. We believe
that much of the structure in the distribution arises from this latter effect.

The separation of these two effects can be accomplished by obtaining a
sufficient guantity of data on the energy specira of many molecular systems.
Those features commen to all spectra are due to “pure” surface effects while
structure which correlates with molecular energy levels is a separable function of
the molecule under investigation. Many of the energy distributicn details are
probably not separable into these two effects but depend on both molecular and
surface structure. Other effects such as metastable broadening of the distributions
and partial supply of a species through a surface reaction may arise because of
the unique geometry of fizld ionization. These additional complexities may be
of advantage for particular applications and form part of the uvtility and interest
of the field ionization process.

The data in Fig. 3 show definite structure which is different for toluene
than for other molecules. High-resolution photoionization data for toluene show
a gradual onset with several resolved “steps”. These features correspond well
with the structure perceptible in Fig. 3. Such structure is reproducible in repeated
runs as fong as instrumental stability is not taxed by excessive data accumulation
times. The statistical error in spectra intensity (as calculated by the square-root
of the peak number of ion counts) is ca. 3 %.

Figure 4 shows the field ionization spectrum of cycloheptatriene with onset
at the appropriate appearance potential (8.28 V) [17]. The distribution rises
more rapidly from background with increasing energy-deficit than does that of
toluene. Additionally the shape of the curve is different from that of toluene. The
differences noted in the energy-deficit spectra are in general accord with the
differences noted in the photoionization studies of these molecules. The structure
in the photoionization cross-section is attributed totransitions toexcited electronic—
vibrational states of the molecular ion. With this view we suggest the structure
in the field ionization energy-deficit spectra reflects the energy struciure of the
molecular ion and the relative transition probabilities. The reselution of the field
ionization results is less than the photoionization results and hence the effects of
rotational and vibrational excitation are not easily resolved. Consequently a
detatled assignment or discussion is not at this time realizable. Similar considera-
tions apply to Fig. 5 which shows the field ionization energy spectrum of phenol.
In particular photoeleciron data [18] show an elecironic state 0.7 eV above onset.
This correlates with a corresponding unresolved structure at ca, 10 V in Fig. 5.

The data presented for the three organic molecules show structure which is
only partially resclved and difficult to interpret in terms of molecular structure.
It should be noted, however, that the three distributions differ from one anocther
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Fig. 4. Field ionization energy spectrum of cycloheptatriene. fon intensity is plotted on the
ordinate in arbitrary units and energy-deficit in volis on the abscissa. The energy-deficit scale
has been adjusted by the quantity ¢ so that the critical energy-deficit numerically sguals the
ionization potential in electron volts,

in ways consistent with the differences in molecular energy structures. Our main
point has been that upper states of ions produced by field ionization contribute to
the total ionization probability. Clearer examples of this are given by data for
smaller molecules which involve well separated upper states. Figure 6 shows
energy distributions obtained from the field ionization of hydrogen and carbon
monoxide. The upper two plots show the energy spectra of the H, " and H* ions,
respectively, produced by field ionization of molecular hydrogen. Here the energy-
deficit has been shifted by addition of the quantity ¢ so that the distribution-onset
coincides with the ionization potential. The high energy-deficit structure in the
H,” spectrum has been studied and interpreted previously [6, 12] and is not
related to upper states of the ion. The pertinent portion of this plot occurs in the
main peak with onset energy-deficit of ca. 15 V. This represents ionization through
a transition from the ground state of the neutral molecule to the ground electronic
and first few vibrational states of the ion. The effect of rotational excitation of
the ion is ignored; rotational levels have small separations. In general, individual

otational levels are not resolved in the energy spectra although they may cause
broadening of distribution structure. This effect may be particularly observable
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Fig. 5. Field ionization energy spectrum of phenol. fon intensity is plotted on the ordinate
in arbitrary units and energy-deficit in volts on the abscissa. The energy-deficit scale has been
adjusted by the quantity ¢ so that the critical energy-deficit numerically equals the ionization

potential in electron volts.

in the case of thermal excitation to levels of high multiplicity (so-called “hot
bands”) as ions with energy less than AE, in the form of low-deficit tailing or
resolved structure. However, as shown by Hanson [14], ionic rotation may have
strong influence on dissociation probabilities. Excited neutral states of an inert
gas have also been observed below the critical energy-deficit and interpreted as
arising from bombardment of atoms near the surface by the electrons from atoms
which have just ionized [19].

The molecular potential energy curves for neutral and singly ionized
hydrogen and carbon monoxide shown in Fig. 7 are helpful in understanding
the data of Fig. 6. In Fig. 7 the solid lines are the molecular curves with no applied
electric field. [t has been shown that upon application of a field no first-order
effect is present for the neutral molecule. The ionic curves, however, are “distorted”
by the addition of an effect proportional to the field and dependent on the mass
and charge of the ion fragments at large internuclear separation. Specifically this
term for large R, the internuclear separation, is — {eM,/(M,+ M,)}FR for a
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Fig. 6. Field ionization energy spectra of hydrogen and carbon monoxide. Ion intensity is plotted
in arbitrary units on the ordinate and energy-deficit in volts on the abscissa. The energy-deficit
scales have been adjusted by the quantity ¢ so that the critical energy-deficits numerically squal
the ionization potentials in electron volts. Upper: the parent ion, H,7", from H, in fleld ion-
ization; center: the dissociation fragment H* from the field jonization of H.: lower: the parent
ion CO7 from the field ionization of CO.

singly charged ion oriented along the field [20]. Here M, is the mass of the
charged fragment displaced from the center of mass along the field and M, the
neutral fragment displaced against the field. This term has been added to the
unperturbed ion ground state curves in Fig. 7 using the appropriate experimental
value of £ to produce the dashed curves,

The transition which produced the main peak in the upper plot of Fig. 6 is
indicated as transition A in Fig. 7(a). Transitions to ionic vibrational states higher
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Fig. 7. Electronic potential curves for the hydrogen and carbon monoxide systems. The ordinate
is electronic energy in eV and the abscissa is internuclear distance in A. (&) Consideration of
the potential curves for hydrogen Shiow two types of (ransition Whith aré observed. The transic
tions labeled A go from the ground state of the nevtral to.2 bound vibrational level of the fisld-
distorted molecular ion curve. Since the dissociation energy of H, 7 is small the field distortion
of the H,* curve makes dissociative transitions {labeled B} possible ai energy-deficiis slightly
above the H, ™ onset. (b} Presumed potential energy curves for CO'and CO ¥ showing the thrée
electronde states of CO* observed in optical spectra and which are présumably observed in the
field ionization spectra. The behavior of the CO™ curves at large internuclear separation are
not known and are assumed 10 arise from the same separated atom states by comparison with

the bebavior of Nu& which is iscelectronie to CO™. A field-distorted carve for the lower iohic
state is also given:

than the first few states lead to dissociation atising from distortion of the ion
energy curve by the high electric field (ca. 2.7 V. A~ in this example} as shown
by transition B in Fig: 7{(a). Taking into accouni the energy necessary for this
transition and the snbsequent motion of the ion fragments, the enerp
for H™ (center spectrum Fig. 6)is explainable [14]:

These considerations also explain the mass spectrum of H, as a function of
electric field. At low fields (below about2 V A™%) only a narrow H; ¥ peak is
obiserved] only the lowest ensrgy transitions have appreciable probability, As the
field is incrensed the dashed curve in Figi 74 is further distorted as diseussed
above with consequent decrease in the nuriber of bound ionit states. However,
the main effect is to increase the probability of transitions to higher levels with
consequent dissociation and hence dppearance of lons at high energy deficit. The
H™ distribution at threshold fields is narrow, again, because transitions leading

8 trum
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to higher energy deficit ions have low probability. This distribution broadens
rapidly with increasing field and dominates the mass spectrum. The pertinent points
to observe in the first two plots of Fig. 6 are the two physically distinguishable
transitions, from the ground state to bound H,” and to dissociated H+H™, The
two modes belong to the same electronic state, and differ only in total energy.
The energy deficit of each peak is ordered according to state energy. However,
because of kinetic considerations the dissociation peak position is not simply
given by adding the dissociation energy to the ionization potential [13, 14].

The lower plot in Fig. 6 shows the energy spectrum of CO™ icns produced
by field ionization of a CO sample. No dissociation is observed during the field
ionization of CO principally because of the high ionic dissociation energy and
the close alignment of minima in the ground-state molecular curves of CO and
CO™ with internuclear coordinates as shown in Fig. 7(b). Similar to hydrogen
at low fields, the CO™ peak is narrow indicating transitions from the ground
state to the X?L" ionic state. With increasing fields higher energy-deficit ions
appear with a rapid rise of the peak at 21 V in the lower distribution of Fig. 6.
This corresponds to transitions to the B*T™ state as shown in Fig. 7(b). The
energy-deficit difference between the two peaks in Fig. 6 is ca. 6 V, which agrees
with the accepted value of 5.7 V between the X?2* and B?Z* of CO™ [21].
Transitions to the A*Il; state should be possible and may form the partially
resolved structure in the low energy-deficit peak apparent at ca. 17 V in the CO™
curve of Fig. 6. This state is expected to appear at an energy—deficit of 167V
using accepted values of its energy [21]. The peaks in the CO™* distribution are
relatively broad, implying transitions to a series of vibrational-rotational states
belonging to one of the three electronic states of CO™ shown in the diagram. The
oscillator strengths of CO” implied by the field ionization data of Fig. 6 compare
well with photoionization yield data [22]. The method of this comparison is not,
however, well defined since the factor relating ionization probability per unit
oscillator strength as a function of energy-deficit for a given electric field and
tip surface configuration is not known. Furthermore, the contribution of auto-
ionization to field ionization has not been explicitly determined so that it is not
known whether deconvelution of autoionization contributions from the photo-
ionization yield should be attempted for proper comparison.

in discussing field ionization, we have made the assumption of “vertical
transitions”™ — as have other workers in this field. This assumption of the validity
of the Franck—Condon principle for field ionization has been justified on the
basis that ionization occurs very rapidly as compared with the period of molecular
vibration. However, since the Franck-Condon principle rests on the Born-
Oppenheimer approximation this viewpoint should be justified by experiment or
theoretical examination of the validity of the Born-Oppenheimer separation of the
molecular Hamiltonian with the addition of field dependent terms. Experimental
resulis, however, are consistent with the hypothesis that the Franck-Condon
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principle is obeyed to first order. This might be expected on 4 theoretical basis
simply because the matrix element connecting neutral and ionic states is to first
order given by a dipole term; tHe perturbing potential is eFx where F is the field,
e thé charge on the eleciron and % the nuclens-electron separation. On this basis
the transitions should obey optical selection tules and have similar relative
oscitlator strengths.

We have not presented results for the dependence of the specira on eleciric
field. Qualitative conclusions for the Hy " and €O spectra do not change ap-
preciably with figld: portions of the spectra change in relative intensity owing
mainly to the variation of relative ionization probability and material supply {231
to different spatial regions. The spectra of the threé organic molecules discussed
differ very littis with fields increasing from threshold until'a sharp increass in the
high enefgy-deficit tail 1§ noted with consequent broadening of the distribution
and decrease in intensity of the main peak near' 4 £, The term “high energy-deficit”
45 taed hereis defined i terms of spatial location by more quantitative considera-
fions in‘rel 2% The detaals of the high energyodeficit tail were not éxamined for
instrumental reasons but will form a topie for Tuture mvestigation. The increase
in the Kigh energy-deficit portion of the spectruin’ can be interpreted intwo ways:
(1) An increase in lonization oceurring at distances far from the tip and 1o the
same final molecular states as at low fields, and (2) an increase in the probability
of transition to excited ionic states. In either case, when dissociation is not
involved, for a given energy—deficit; ionization occurs at the same spatial location
Henee the final state energy of the gléctron which Has tunneled into the metal is
the same for both cases. First-order tunneling considerations (i.e. the WKB
approximation} then directly give a ratio of transition rates for (1) to (2) which
is independent of field. However, such a calculation neglects  certain - critical
features of the problém. Among these are the relative svminetries of the final
and initial states and the density of electronic states in the metal! Hence the ratio
of rates for processes (1) and (2) may vary with molecular species and specific
surface location.

Tt is 1o 'be noted thdt the rate of 4 particular type of reaction vdries
strongly with reaction energy as well as field. For example, the field necessary
to prodiles 4 given Tonization probability varies asthe 3/2 power of the ionization
potential [231 Hence the field required for ionization of the organic molecules is
less than for hydrogen and carbon monoxide.

CONCLUSIONS

Involverment of excited lonic states in field ionization is substantiated by
experimental energy spectra and hence are to be considered in assessing the rate
of any field ionization reaction. The amount of infernal energy in the field-lonized
molecule is determined by the particolar structure of the molecule, the electric
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field and the structure of the emitter surface. The energy spectrum of CO™ shows
clear and direct evidence of transitions to non-dissociative excited ionic states.
Diata for the organic molecules studied have not shown clearly resolved states
although the energy spectra differ with molecular structure and are consistent
with photon bombardment results.

At threshold fields the rate of ionization is appreciable only for transitions
to the ground electronic state and lowest vibration-rotation states. As the field
is increased the involvement of higher states remains small until the field is
large enough to allow high energy-deficit transitions to become likely. The high
energy-deficit ionization is seen to involve transitions to excited ionic states.
Further theoretical and experimental work is needed to understand the selection
rules and rates for transitions to excited states. In particular, the transition to
dissociative states is of importance but is more complex than non-dissociative
transitions and has not been extensively discussed here.

The fact that the energy of a transition is manifested in the energy specira
admits the possibility of distinguishing between transitions by measurement of
ion energies. This has potential application to the interpretation of field ionization
mass spectra in that distinctions may be made between reactions involving transi-
tions to differing energies by this technique. An example of this has been given.
The two mass isomers, toluene and cycloheptatriene, are distinguishable by
differing onset energies and distribution shapes. At low fields dissociation-onset
energy-deficits are larger than parent-onsets although may not be simply related
to the dissociation energy. In general, however, the ordering of state energies 1s
preserved in the spectra. [ons produced by surface reactions also have characteristic
onsets which are related to formation energies; a common example of this is the
protounation reaction seen in fizld ion mass spectra. The energy specirum of the
simplest protonation reachion, trimer formation from hydrogen or deuterium
samples, is shown in ref. 6 where the trimer is distinguishable from a mass isomer.
Metastable ions are commonly identified by energy analysis. These ideas may be
implemented in practice by the addition of a retarding energy analyzer to the
field ionization source of a mass spectrometer. A iype of analyzer suitable for
this application is described in ref. 6.
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